Abstract. The Hipparcos satellite successfully gathered astrometric and photometric information for a few solar system objects including natural satellites. In contrast to the case for asteroids, the Hipparcos main-mission does not provide the photometry -in the conventional sense -of planetary satellites. Nevertheless, valuable photometric results can be obtained, such as a modelling of the centre-to-limb darkening of the bodies. We present in this paper results obtained for the photometry with a periodic grid of the satellites J2 Europa and S6 Titan from the Hipparcos main mission and within the FAST data-reduction Consortium. The Minnaert parameter of S6 Titan is found to be k ∼ 0.90 ± 0.02, and for J2 Europa, k ∼ 0.58 ± 0.01. Brightness variations with orbital phase are also given for Europa.
Introduction
The centre-to-limb darkening or brightness distribution of celestial objects is an important parameter since it significantly affects the determination of fundamental parameters such as the radius of a star with stellar interferometry, or the position of a solar system object showing phase. The systematic phase effect for the asteroids observed by Hipparcos, although small, has a non-negligible effect on the determination of the dynamical reference frame (Söderhjelm & Lindegren 1982) . For Galilean satellites the effect is greater and has to be accounted for to enable the determination of their motion (Mallama 1993) and/or analysis of mutual event lightcurves (Descamps 1994) . Introducing the non-unit vector k = u × (s × u), where u and s are respectively the planeto-centric direction of the Earth and the Sun, one finds that the photocentre displacement (in the plane-of-sky view) for a spherical object of diameter ρ is (Lindegren 1987) :
where C(α) is a function of the solar phase angle. We have C(0) = 0 for an observation at opposition and a homogeneous brightness distribution. At the quadratures, this displacement may vary by a large amount depending on the actual scattering properties of the planet. One finds for a uniformly Based on data from the Hipparcos astrometry satellite. e-mail: hestro@imcce.fr bright object (U) and a scattering following Lambert's law (L), (Lindegren 1977; Hestroffer 1998 yielding a displacement five times bigger (at α 20 • ) for a surface of diffuse scattering than for a uniformly bright disc. For observations of Europa -at smaller phase angle, α 10
• -this ratio is larger, yielding a difference in the photocentre displacement of 0.013 arcsec, i.e. similar to the precision of the Hipparcos astrometric observations of that object. In the past decades other laws have been derived for atmosphereless solar system bodies; these are empirical (e.g. Minnaert 1961; Buratti & Veverka 1983) , or deduced from radiative transfer theories (Lumme & Bowell 1981a; Hapke 1981) .
With the increasing accuracies of astrometric observations (ground-based, Hipparcos, GAIA, ...), much effort has been devoted to better knowledge or modelling of the brightness distribution of solar system objects (e.g. Morando & Lindegren 1989; Descamps 1994; Hestroffer 1998 ). This provides a better evaluation of the photocentre displacement (the shift of the photocentre relative to the geometric or gravity centre). Results on the brightness distribution have been obtained from speckle interferometry (McCarthy et al. 1994) , analysis of the magnitude-phase curves for atmosphereless bodies (Lumme & Bowell 1981b; Domingue & Hapke 1989) or from analysis of lightcurves (Kaasalainen & Torppa 2001) ; in particular for natural satellites from Voyager or Pioneer observations (Buratti & Veverka 1983; Buratti 1984; Tomasko & Smith 1982) , or from mutual events (Descamps et al. 1992) .
It has been shown in a previous paper (Hestroffer & Mignard 1997b ) that observation with a periodic grid provides the parameters of a simple centre-to-limb darkening model. The present paper gives the results obtained with this method from Hipparcos observations of natural satellites. First a general presentation of Hipparcos observations is made, next the reduction and model are developed. The application to the observations of J2 Europa and S6 Titan is given in the last sections.
Hipparcos observations
The Hipparcos satellite scanned in a regular manner the whole sky during approximately a three year interval (from November 1989 to March 1993), providing observations spread over 37 months. Due to Hipparcos' particular scanning law, observation of solar system objects only occurred around the quadratures. Thus planetary satellites of Jupiter show a phase of ≈10
• , while the phase for the satellites of Saturn is ≈5
• . Only objects brighter than V ≈ 12.5 and smaller than ≈1 were observed within the main mission. This limitation in size essentially occurs from the astrometry requirement, hence 48 minor planets and three planetary satellites were added to the list of the Input Catalogue stars. The satellites are J2 Europa, S6 Titan and S8 Iapetus; the last was added later to the observing program. Unfortunately Hipparcos provides only very few useful observations of Iapetus (consisting of six transits), and moreover Iapetus is considerably smaller than the two other satellites. For these reasons the data analysis for Iapetus is less interesting and is not included in the present work, but for the sake of completeness the data can be found at the end of the paper. The observations are neither uniformly distributed in time nor over the orbit of the satellite around its gravitating planet. Moreover only observations made at a separation greater than 50 arcsec were retained.
The 0 • 9 × 0 • 9 field of view of the telescope scans the sky at a velocity of 168.75 /s. During a transit of a star, the incoming light is modulated by a periodic grid of period s = 1.2074 . The fundamental periodic signal can usefully be expanded in a second order Fourier series as:
where I is the total intensity, B the un-modulated background, M and N are the modulation coefficients. The phase offsets ϕ and ψ are mainly of interest for the astrometry. The modulation coefficients for a point-like source have been calibrated for the whole mission, then M 0 and N 0 are reference modulation coefficients for a star. For a resolved object, larger than approximately 0 1 within Hipparcos, the amplitudes of the modulation are degraded (Morando 1987; Lindegren 1987; Morando & Lindegren 1989 ) which translates into the fact that M/M 0 < 1 and N/N 0 < 1. on Europa and Titan. The dashed line is a rough fit which shows a systematic error (the residual should normally be centred around zero). This stray light however does not affect the modulation of the signal, and hence the quantity H ac is not corrupted.
Once the sky background has been removed, the apparent magnitude is naturally given in the Hipparcos photometric system H p by:
where I ref is the reference intensity of the magnitude scale.
Since the modulation amplitude is proportional to the total intensity, a second magnitude estimator was constructed as:
For a point-like source, the two estimators have the same expectation, E(H ac ) = E(H dc ), while for planetary satellites the H ac estimator is biased and we have:
which is independent of the object's apparent magnitude.
While the H ac quantity is not perturbed by stray or parasitic light of a very extended source (because the background mainly is increased by a constant amount), the observed magnitude H dc for the planetary satellites is significantly corrupted. Figure 1 shows the residuals on the absolute magnitudes, i.e. the measured H dc magnitude corrected to one astronomical unit and zero phase angle. Stray light from Jupiter or Saturn, although strongly attenuated at large separation, still corrupts the H dc magnitudes that were measured by Hipparcos by about 0.1 mag. For this reason, no conventional magnitude could be determined for the Hipparcos mission planetary satellites, and the H dc magnitudes used in Fig. 1 were hence not published in the Hipparcos catalogue solar system objects annex. We will thus evaluate the magnitude bias from the observed quantity H ac and calculated value of H dc . The H ac estimator is of lower accuracy than H dc , its precision also decreases with the object's brightness. The average precision on H ac is 0.04 for Titan and 0.015 for Europa. 
Model and reduction
Since the magnitude H dc is not preserved, one calculates the apparent brightness from the absolute magnitude V(1, 0), the distances to the Sun r and to the Hipparcos satellite ∆, and the solar phase angle α from:
where p(α) is a linear function of the phase accounting for the shadowed area and depending on the observed object.
Observations of Europa occur at a phase angle great enough to ensure that there is no opposition effect. Here the transformation from the Johnson V-band magnitude to the Hipparcos system H p only takes into account the B − V colour index. From now on the "observed" bias will be ∆H = H ac −H dc . Correction for solar phase and colour index are taken from the Astronomical Almanac (Franklin & Cook 1974) and from Lockwood (1983) . Basic values for the reduction in Eq. (5) are shown in Table 1 ; the data for the observations are given in Table 5 . The accuracy of the calculatedH dc depends on the accuracy of the various parameters entering into Eq. (5) and is better than 0.01 mag, so that the average precision per transit on the bias ∆H is ∼0.01 for Europa and ∼0.02 for Titan. The attenuation of the harmonic amplitude depends on the object's size, but also on the brightness distribution across its surface. Taking the empirical law of Minnaert (1961) , this distribution can be written:
where I σ is the normalised specific intensity of surface element dσ, µ 0 and µ are the cosines of the angles between the surface normal and, respectively, the incident and reflected ray. The single parameter k is a scalar describing the centre-to-limb darkening of the surface. For a spherical planet of apparent diameter ρ with a limb darkening following Minnaert's law, it has been shown in Hestroffer & Mignard (1997b) that this attenuation is given by the modulation function:
where
(x/2) ν is the hypergeometric function, s = 1.2074 is the Hipparcos grid-step and x is the spatial frequency. This yields from Eq. (4) the theoretical value of the bias for a spherical object seen at opposition. Under these hypotheses, the case k = 1/2 corresponds to a uniformly bright disc (which in general does not follow the reciprocity principle), while k = 1 corresponds to the pronounced centre-to-limb darkening of the Lambertian disc. Corresponding graphs for the bias are shown in Fig. 2 ; the larger the coefficient k, the greater is the centre-to-limb darkening, yielding an apparently more point-like source and thus a smaller value of ∆H. Equation (6) gives an approximation to the second order in α, and since the phase is relatively small, improvement of the modelling will be given as small corrective terms (Hestroffer & Mignard 1997a) . The ratio of the modulation coefficients is evaluated for each point by numerical integration for an average valuek of the centre-to-limb darkening. The corrective term thus depends on the apparent diameter, the solar phase angle and the scanning direction and reach its maximal value when the scan is performed in the direction nearest to the intensity equator. For Titan this correction appears to be negligible ( < ∼ 0.002), and for Europa it remains small ( < ∼ 0.015, i.e. about 2%). Fitting the observed magnitude bias with this model yields -for a given diameter and photometric parameters -Minnaert's parameter k. The accuracy of the limb-darkening parameter depends on the number of available observations and the associated error, and we have the conservative values σ(k) 0.01 for Europa, and σ(k) 0.02 for Titan.
Europa
The Galilean satellite Europa is known to have two significantly different hemispheres. The leading one, visible at eastern elongation (EE), is bright and covered with ice. In contrast, the trailing hemisphere visible at western elongation (WE) is dark and the ice is still covered by dust. Also the brightness distributions across the surface are different. In general, dark dusty surfaces appear uniform and flat, while bright icy surfaces have a more pronounced centre-to-limb darkening. Although variation of magnitude with orbital phase is a well-known phenomenon for the Galilean satellites (e.g. Morrison et al. 1974; Millis & Thompson 1975) , it depends on the solar phase angle, the subSolar point and sub-Earth point coordinates, the photometric passband used, and at least for Europa, is far from being a simple function. Its modelling in the Hipparcos photometric band would be less accurate than the other transformations entering in the reduction, thus the observations are not corrected for this effect. Hence the bias ∆H depends not only on the apparent diameter and the limb-darkening parameter, but also on this periodic variation. Figure 3 shows the bias as a function of the apparent diameter and the residuals obtained with a Minnaert parameter of k = 0.58. To compare, the residuals are given as a function of the orbital phase angle θ (projected in the plane of the mean equator J2000) together with a fit to ground-based observations in the V band (Morrison & Morrison 1977) . The empirical curve represents the magnitude corrected for dependence on phase V(1, α = 6
• ), and corrected for an offset between the value V(1, 0) = −1.41 used here and the equivalent value V (1, 0) = −1.46 of Morrison & Morrison (1977) . Interestingly, shifting this empirical curve by about 10
• for the orbital phase would provide a better fit to the Eastern data. No satisfactory explanation for this possible shift can be given here; we note however that the range in solar phase angle is slightly different between the Hipparcos (8−11
• ) and the ground-based observations (0−11
• ). Moreover, the latitude of the sub-Earth point is different between the two data sets. Last, it is not obvious if the empirical lightcurve is corrected for light-time or plane projection. Nevertheless, referring to Table 2 , the values for the observed maximum (θ max ∼ 85) and minimum (θ min ∼ 295) magnitude of Europa are larger than the results of Morrison et al. (1974) , Blanco & Catalano (1974) , but in better agreement with Johnson (1971) , Millis & Thompson (1975) and Any discrepancy in the orbital longitudes of maximal and minimal brightness has however no consequence for the general trend of the magnitude bias and hence the determination of the Minnaert parameter. One finds a good agreement for the amplitude with the results of Morrison et al. (1974) , Morrison & Morrison (1977) , Millis & Thompson (1975) and Domingue et al. (1991) . In particular, the amplitude in B − V, b − y and v − y are small enough so that no further correction is required, hence the amplitude and asymmetry of the light curves between the two different photometric systems are almost similar. The mean value of the parameter k is acceptable for the majority of the data. The significant scatter at western elongation is also present in the results of Morrison & Morrison (1977) . A more pronounced centre-to-limb darkening (k = 0.64) for part of the dark trailing hemisphere (with solar elongation around 90 ± 5
• ) would reduce this scatter, but is in contradiction to the fact that dark surfaces are more likely to be less limbdarkened. On the other hand, a less pronounced centre-to-limb darkening (k = 0.5) for the trailing hemisphere would also reduce this scatter, but it would also yield a smaller brightness amplitude (0.28), in agreement with Domingue et al. (1991) . Due to the complexity of the reduction and the various crosscorrelations between the corrective terms and parameters such as solar phase angle, separation or orbital phase, no satisfactory explanation can be given here. The availability of the observed (non-corrupted) magnitudes -and hence the actual lightcurve -would have helped to put into evidence any variation of the limb-darkening parameter with the orbital phase.
Titan
In contrast to Europa, the bright Saturnian satellite Titan has formed and retained a major atmosphere. It is thus expected to show a pronounced centre-to-limb darkening. The atmosphere is very opaque for the great majority of wavelengths and there is no significant brightness variation with orbital phase in the visible light (Noland et al. 1974) . Figure 4 shows the bias as a function of the apparent diameter, and the residuals obtained with a model k = 0.9 close to the value obtained from Pioneer data by Smith (1980) . variation in H ac (∼ 0.1) with the field of view, typical of parasitic light in the complementary field; two suspicious data points were thus rejected. The observations around epochs JD = 2 447 968 and JD = 2 447 989 show larger residuals. Although Titan was close to S7 Hyperion or S5 Rhea (with a predicted separation of less than 30 or 40 arcsec) at those epochs, the attenuation of the FOV should have been sufficient to prevent such stray light. We adopt the absolute magnitude V(1, 0) = −1.28 from the Astronomical Almanac, in accordance with the more recent observations made in July 1993 by Karkoschka (1994) . The observations are not spread over a large range of apparent diameter, thus a small change in the value of the diameter can be balanced by a small change in the Minnaert parameter k leaving the residuals almost unchanged; we have roughly the linear relation 4 δR/R − δk 0. The situation is similar to the one encountered in lunar occultation and speckle interferometry techniques. Since the radius of Titan (with its atmosphere) cannot be considered as being a well-known quantity, we let it span the range from R = 2800 to R = 3000 km, and find a corresponding realistic range 0.83 ≤ k ≤ 1.15 for the Minnaert parameter by minimising the L1 norm of the residuals. A minimal value of the residuals is however reached for R = 2847 km and k = 0.90.
Discussion
In the absence of knowledge of the actual magnitude, analysis of the Hipparcos modulated photometry data for planetary satellites is slightly more complex than that previously obtained for the asteroid (1) Ceres (Hestroffer & Mignard 1997b,a) .
The Minnaert parameter k can show variation with solar phase angle and wavelength. Moreover, since the two faces of J2 Europa have different photometric behaviours, the derived value depends on the distribution of the observations versus orbital phase. Descamps et al. (1992) found k = 0.60 at λ = 410 nm and k = 0.57 at λ = 800 nm from analysis of ground-based observations of a mutual event on February 10, 1991 with α = 4
• 5. Analysis of Voyager 1 and Voyager 2 observations by Buratti & Veverka (1983) yielded the average values over the different filters k ∼ 0.63 and 0.67 for solar phase angles of α = 2.9
• and 3.8
• respectively. The limb-darkening coefficients are not strongly wavelength dependent. The parameter derived in the present study, k = 0.58 ± 0.01, at larger phase angle is in global agreement with the previous results. The lower value may be compatible with a variation of the limb-darkening parameter with solar phase angle. In the absence of a better knowledge of the lightcurve of Europa in the given Hipparcos filter and at the given solar phase, more refined values for the trailing and leading hemisphere seem difficult to obtain. Such a limitation would not occur if the magnitude is measured simultaneously with the modulation parameters, since the bias would be independent of the actual brightness and its variation with solar or orbital phase angles.
Using the composite cloud model of Tomasko (1980) for Titan, Smith (1980) derived an average limb-darkening parameter for the small phase angle α = 6
• 25. Using his result k ∼ 0.9 one can derive a model-dependent value of Titan's diameter for the different techniques of observation. The lunar occultation radius is revised to R = 2845 km, the speckle radius to R = 2742 km, and the modulation photometry radius to R = 2847 km. The radius found here is in good agreement with the results of Smith (1980) , R = 2860 ± 20 km, and Elliot et al. (1975) , though values of k "below 1 fit [their] data poorly and appear to be ruled out". Nisenson et al. (1981) found a range 2680 ≤ R ≤ 2900 for 0.8 ≤ k ≤ 1.15. Although a systematic offset is present, where their data yield smaller values for the diameter, there are no contradictions between our results and the speckle data. Analysis of the best resolved observations obtained from Voyager 1 gives the optical limb (defined here by the photometric inflection) at a radius of R(τ = 0.05) = 2800 km, with a higher optical haze layer extending up to 2845 km (Smith et al. 1981) . Because Hipparcos is unable to resolve the thin haze layer, and because we consider a brightness step function at the limb, our result is consistent with the Voyager data. Our result is in contradiction with the earlier determinations by Dollfus (1970) , R = 2435 km, and larger than the value given by Burns (1986) , R = 2775 km. Adopting the solid-surface radius R = 2575 km (Lindal et al. 1983; Young et al. 2002) , we find that the atmosphere extends to about h ∼ 270 km from the surface, hence considerably less than the value of Forrest & Nicolson (1990) , h ∼ 600 km, obtained from stellar occultation data in the R-filter band.
On the other hand, because the Minnaert law does not fit the entire disc, Smith (1980) derived an effective value by introducing weights proportional to the corresponding fractional disc area, hence a different weighting can yield different average values of k. According to Tomasko & Smith (1982) , the average limb-darkening exponents of Titan in the red (595−720 nm) and in the blue (390-500 nm) are k = 0.85 and 0.77, respectively; these are obtained from Pioneer 11 observations at a phase of 28
• . Voyager observations at a phase angle of 29.6
• yield k = 0.773, 0.887, 0.942 in the violet (370-450 nm), blue (430-530 nm) and green filter (520-600 nm), respectively (Sromovsky et al. 1981) . These results are in global agreement with the probable value taken here over a broad passband and at smaller phase angle, letting us however suspect an increased limb-darkening at small solar phase in the visible domain. Analysis of mutual events of Saturnian satellites (Arlot & Thuillot 1993; Aksnes & Dourneau 1994; Thuillot et al. 2001 ) may shed some light on the actual average limb-darkening parameter at small phase.
Conclusion
Modulated photometry with a periodic grid appears to be a interesting method to derive a simple modelling of the centre-to-limb darkening of celestial objects. Results obtained from Hipparcos observations of the minor planet (1) Ceres (Hestroffer & Mignard 1997b) , and the natural satellites J2 Europa and S6 Titan have shown some of the potential of this method. The analysis of the Hipparcos observations of natural satellites shown here is more complex because the apparent magnitudes in the Hipparcos photometric system were not available. For Titan this translates, once the absolute magnitude V(1, 0) of the satellite is fixed, into a high correlation between the two unknowns, namely the Minnaert parameter k and the radius, and a relatively large range of probable values for k. The solution that minimises the L1 norm of the residuals is found for k = 0.90 ± 0.02 and R = 2847 km. For Europa, variation of the limb-darkening coefficient with orbital phase and solar phase angles are difficult to decorrelate from the variation of the apparent brightness. The best-fit solution is k = 0.58 ± 0.01 (assuming R = 1562 km) over a complete orbital period and over the range in solar phase 8 < α < 11.
In a normal context, those limitations encountered for Europa would not appear since the analysis of the modulated photometry with a periodic grid would be done with the measured apparent brightness. On an other hand, this modulatedphotometry method is completely orthogonal to the one used, for instance, by Lumme & Bowell (1981b) , Domingue & Hapke (1989) or Kaasalainen et al. (2002) to derive the scattering properties of solar system objects. The law of Minnaert is empirical and gives a rough estimation of the scattering properties of solar system bodies' surface or atmosphere. Table 5 . Hipparcos observations of Europa, Titan and Iapetus, and corresponding aspect data. The date of observation is given in TDT with respect to JD 2 440 000.0, the non-conventional and biased magnitude H ac and corresponding precision are given in fields 2 and 3. The distances to the Sun r and to the Hipparcos satellite ∆, the solar phase angle α and the projected orbital phase θ are given in fields 4 to 7. The more appropriate 2 parameter-model of Buratti & Veverka (1983) could also be used in photometric observations with a periodic grid.
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